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Methyl viologen (MV)Escherichia coli EmrE protein is the archetypical member of the small multidrug resistance protein family in
bacteria and confers host resistance to a wide assortment of toxic quaternary cation compounds by secondary
active efﬂux. This protein can form a variety of multimers under various membrane mimetic conditions, and
the consensus of most biochemical and biophysical studies indicate that the active form is a dimer. The pur-
pose of this study is to characterize the conformation of organically extracted detergent solubilized EmrE pro-
tein known to predominate as monomer yet demonstrates ligand binding ability. Active site EmrE-E14
replacements were also examined as functionally inactive controls for this study. EmrE was solubilized in de-
tergents, sodium dodecyl sulfate (SDS) and dodecyl maltoside (DDM), and protein conformation was exam-
ined in the presence of four known quaternary cation compound (QCC) substrates, tetraphenyl phosphonium
(TPP), methyl viologen, cetylpyridinium, and ethidium. SDS-Tricine PAGE analysis of both detergent solubi-
lized proteins revealed that DDM-EmrE preparations enhanced the formation of dimer (and in some cases tri-
mer) forms in the presence of all four QCC above 25 QCC:1 EmrE molar ratios. Examination of EmrE and its
active site variant tertiary structures in DDM by circular dichroism spectropolarimetry, intrinsic Trp ﬂuores-
cence quenching and second order derivative ultraviolet absorbance revealed that the variant fails to bind
TPP but interacts with all other compounds. The results of this study show that monomeric detergent solubi-
lized EmrE is capable of forming multimeric complexes that are enhanced by chemically diverse QCCs.
© 2012 Elsevier B.V. All rights reserved.1. Introduction
The accumulation of toxic quaternary cation compounds (QCC)
within the environment grows annually since they are the active in-
gredients of most sanitizers, antiseptics, and industrial surfactants.
QCC are highly diverse in chemical composition but must include
one or more permanently charged atoms (such as As+, N+ or P+)
that are covalently attached to highly diverse R groups; the R groups
are typically composed of lipophilic acyl chains (C1–C24) and/or aro-
matic rings. The anthropogenic production and overuse of QCC are
correlated to the rapid emergence of multidrug resistant bacteria in
QCC contaminated environments (as reviewed by [1,2]). Bacteria
have developed numerous mechanisms to evade QCC toxicity and
one of the most rapid resistance mechanisms is multidrug efﬂux.
Multidrug efﬂux involves membrane transporter proteins that recog-
nize and export various toxic compounds and pumps them out of the
cytoplasmic interior of a bacterium. The majority of multidrug trans-
porters are large proteins (composed of 10–14 transmembrane
strands) that belong to multidrug transporter superfamilies baseduilding, 2500 University Drive
lgary, Calgary, Alberta, Canada
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l rights reserved.on their transport activity and homology (as reviewed by [3,4]).
Only one family is distinct from larger multidrug transporters and
are known as small multidrug resistance (SMR) proteins. SMR mem-
bers are unique based on their short length of 100–140 amino acids
(composed of 4 α-helix transmembrane strands) and extreme hydro-
phobicity that permit organic solvent based puriﬁcation methods (as
reviewed by [5]). All of these SMR properties may have also facilitated
its horizontal transfer to unrelated bacteria; SMR genes are encoded
within the 3′ conserved region of mobile genetic elements referred
to as integrons [6,7].
Small multidrug resistance proteins are integral plasma mem-
brane proteins that confer bacterial host resistance to a wide variety
of QCC through proton motive force. SMR proteins span the plasma
membrane as four hydrophobic transmembrane (TM)α-helix strands
separated by very short loop and turns (as reviewed by [5,8]). The
SMR protein active site involves a single highly conserved Glu residue
located within the ﬁrst TM α-helix strand that binds both ligand and
protons (as reviewed by [5]). The SMR member, ethidium multidrug
resistance protein E (EmrE) from Escherichia coli, is considered the ar-
chetypical member of the SMR family and is the most well character-
ized SMR member to date. Biochemical studies of EmrE protein have
demonstrated its resilience to chemical denaturation, where only
partial protein unfolding is achieved by combining high concentra-
tions of urea and denaturing detergent SDS [9]. The hydrophobic
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vents like chloroform and methanol without signiﬁcant losses to its
α-helix content [10–12]. Due to its robust and compact size, EmrE is
also a dynamic structure based on the amount of variation in its struc-
tural arrangements and conformations during biochemical analysis of
EmrE reconstituted into various membrane mimetics [10]. The func-
tional topology of EmrE protein within the membrane is also a subject
of vigorous debate [13,14]. Evidence supporting a dual-topology of
EmrE protein, where the N- and C-termini of each monomer are lo-
cated on either side of the plasma membrane [15–17], or in a single
parallel orientation on one side of the membrane [18–20] have been
proposed but have not been satisfactorily addressed experimentally
to end this debate.
Biochemical studies indicate that the smallest functional multimeric
unit of EmrE is a dimer [19,21–26], although a variety of other multi-
mers, such as trimers [27–29] and tetramers [23,30,31], have also
been demonstrated experimentally using various membrane mimetic
conditions. Experiments performed using organically extracted EmrE
protein have demonstrated that the protein is also capable of QCC inter-
action as amonomer [12,32] and contrasts studieswhich showhexahis-
tidinyl tagged EmrE binds ligand only as a dimer [22]. Currently most in
vitro studies focus solely on characterizing the EmrE dimer form and its
interactions with QCC.
The purpose of this study is to examine monomeric EmrE protein
puriﬁed using the organic extraction method [11] and characterize its
conformation in the presence of various QCC ligands. The majority of
studies that characterize EmrE protein conformation biophysically
and biochemically use tagged EmrE protein with a myc epitope and
hexahistidinyl C-terminal fusion (EmrE-mycHis6) that confers in
vivo multidrug resistance to its host [28]. EmrE-mycHis6 puriﬁes in
both monomer and dimer forms in the detergent dodecyl β-D-malto-
side (DDM) but has only demonstrated ligand binding activity as a
dimer [22]. Organically extracted EmrE protein lacks the highly
charged and lengthy afﬁnity tag and puriﬁes predominantly as a
monomer making this protein useful for folding/refolding experi-
ments. Previous experiments examining the ligand binding activity
of organically puriﬁed EmrE protein in various membrane mimetics
by isothermal titration calorimetry (ITC) demonstrated that this mo-
nomeric protein interacts with QCC in DDM as well as other mem-
brane mimetics including sodium dodecyl sulfate (SDS) and small
unilamellar lipid vesicles (SUV) [32]. However, the protein conforma-
tion of organically extracted EmrE protein in the presence of various
QCC has not been characterized in detail and understanding how
this monomer can bind various QCC may shed light on its ligand
interactions.
The secondary, tertiary, and quaternary conformations of SDS and
DDM solubilized EmrE protein in the presence of various QCC was ex-
amined in this study. Four QCC, tetraphenyl phosphonium (TPP),
cetylpyridinium (CTP), methylviologen (MV) and ethiudium (ET)
were selected for this study based on their ability to bind to this pro-
tein [32,33] (Supplementary Fig. 1). As a ligand binding control for
this study, EmrE proteins with the active site Glu14 (E14A or E14C)
were also examined under the same conditions as the wildtype to dis-
criminate ligand binding inﬂuences from other conformational
changes in the presence of QCC, since E14 variants lack TPP binding
ability [34–36]. EmrE has a total of 4W, 5Y, and 5F aromatic amino
acid residues (Supplementary Fig. 1), many are known to participate
in QCC binding and protein stability based on numerous site-directed
mutagenesis experiments involving epitope tagged EmrE (Y4 [37,38],
Y40 [37,38], F44 [39], Y60 [27,37], and W63 [38,40]). Aromatic amino
acids are excellent internal chromophores, since differences in light
absorption by its aromatic ring reﬂect changes in residue conforma-
tion within the protein. EmrE protein secondary structure content
and aromatic amino acid arrangements were examined using circular
dichroism (CD) spectropolarimetry, ﬂuorescence, and second deriva-
tive ultra violet (UV) absorption spectroscopy. All three biophysicaltechniques determined that Trp, Tyr and Phe environments change
within the protein in the presence and absence of QCC. The multi-
meric form of EmrE was examined by SDS-Tricine polyacrylamide
gel electrophoresis (PAGE) analysis to assess if the protein remained
monomeric as QCC increased. The results of this study show that or-
ganically extracted monomeric EmrE protein solubilized in SDS and
DDM is capable of forming additional multimers, where a dimer
was its most abundant multimeric form. The ﬁndings of this study
suggest that QCC induce and stabilize organically extracted detergent
solubilized EmrE protein multimerization in vitro.
2. Materials and methods
2.1. Materials used in this study
All chemicals used during these experiments were purchased from
Sigma Aldrich (St. Louis, MO, USA) or EMD Chemicals (Darmstadt,
Germany). Electrophoresis equipment and chemicals such as sodium
dodecyl sulfate (SDS), tricine, trizma base, acrylamide, and bisacrylamide
were obtained from BioRad (Hercules, CA, USA). The detergent, dodecyl-
β-D-maltopyranoside (DDM), used for protein solubilization and spec-
troscopywas purchased fromAffymetrix-Anatrace (Santa Clara, CA, USA).
2.2. Expression and puriﬁcation of EmrE protein and its E14 active site
variants
The expression and puriﬁcation of EmrE were performed using
the procedure recently described by [29]. Brieﬂy, EmrE protein
over-accumulation experiments were prepared using E. coli cell strains
LE392Δunc transformed with pMS119EH plasmids encoding an unmodi-
ﬁed copy of the E. coli emrE gene [11]. Active site variants were prepared
using the same plasmid but the E14 codonwas altered to either an Ala or
aCys codonusing theQuikchange II site-directedmutagenesis kit (Agilent
technologies, CA, USA) and the following mutagenic primer sequences
(forward E14A 5′ CTTGGTGGTGCAATACTTGCAGCAGTCATTGGTACAACC
3′, reverse E14A 5′GGTTGTACCAATGACTGCTGCAAGTATTGCACCACCAAG
3′, forward E14C 5′ CTTGGTGGTGCAATACTTGCATGTGTCATTGGTACAACC
3′ reverse E14C 5′ GGTTGTACCAATGACACATGCAAGTATTGCACCACCAAG
3′). All recombinant emrE gene containing vectors were sequenced using
the Ptac promoter to conﬁrm that gene was correct and in frame. Over-
night cultures of plasmid transformed E. coli LE392Δunc strains were
grown to turbidity overnight (14–16 h) in lysogeny broth with
100 μg/ml ampicillin, diluted 10−2 into 6 l of terriﬁc broth with
100 μg/ml ampicillin grown in a shaking incubator at 37 °C until an op-
tical density at 600 nm(OD600 nm) of ~0.5 unitswas reached. Cultures at
OD600 nm~0.5 were induced with a ﬁnal concentration of 0.1 mM iso-
propyl thio β-galactoside (IPTG) and shaken at 37 °C for an additional
3 h. Cells were immediately harvested by centrifugation at 4000×g,
washed in SMR-A buffer (50 mM MOPS, 8% glycerol, 5 mM EDTA,
1 mM dithiothreitol (DTT), pH 7) and stored frozen at −70 °C in
SMR-A buffer. Membrane isolation by centrifugation and its organic ex-
traction in chloroform:methanol solvent was performed exactly as de-
scribed by [29]. EmrE protein from the extracted membrane
preparations was separated by fast pressure liquid chromatography
(FPLC) on an AKTA™ Unicorn instrument using an LH20 sephadex
resin SR10/50 column in 1:1 chloroform:methanol solvent. EmrE pro-
tein and either active site variant protein eluted within the ﬁrst peak
asmonitored by UV absorption at 280 nm (A280 nm). EmrE protein frac-
tions were pooled together at concentrations ranging from 0.01 mg/ml
to 10 mg/ml protein, dried under N2 gas and stored at−20 °C.
2.3. Detergent and solvent solubilization of EmrE and active site variant
proteins
Dried EmrE protein was solubilized in detergent at a variety of ini-
tial starting concentrations ranging from 0.001 mg to 15 mg protein
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ants E14A and E14C were resuspended into one of two detergents,
35 mM SDS (1.0% w/v) or 3.9 mM (0.2% w/v) DDM in SMR-B buffer
(5 mM MOPS, 10 mM NaCl, 10 μM DTT, pH 7), was shaken for 1–2 h,
and then stored frozen at−20 °C. Thawed detergent-protein samples
were mixed by vortexing for 1 min before they were sonicated to op-
tical clarity using three, 10 second bursts (30% sonicating intensity)
with a Microson XL Ultrasonic cell disrupter. To remove any undis-
solved or insoluble materials in these solutions, supernatants were
collected after centrifugation at 10,000×g for 10 min at room temper-
ature. The concentration of EmrE protein in solution was determined
by ultraviolet (UV) absorbance spectroscopy using an Ocean Optics
UV–visible (Spectrophotometer at A280 nm) using an appropriate ex-
tinction co-efﬁcient (ε) for the protein (EmrE/EmrE-E14A/E14C
29,638 cm−1 M−1). The ﬁnal molar ratio of detergent to EmrE pro-
tein was 7000 SDS:1 EmrE (35 mM SDS) and 780 DDM:1 EmrE
(3.9 mM DDM) according to 5 μM EmrE protein concentration.
Four QCC, tetraphenylphosphonium chloride (TPP), cetylpyridi-
nium chloride (CTP), methyl viologen bromide (MV), and ethidium
bromide (ET) were chosen for this study based on previous ligand
binding studies of organically extracted EmrE [32,33]. Stock QCC solu-
tions were prepared by resuspended each QCC in SMR-B buffer to a
ﬁnal concentration of 0.5 M for all experiments. Unless otherwise
stated, QCC were incubated with detergent solubilized EmrE for a
minimum of 1 h at protein concentrations ranging from 1.1 μM to
61.5 μM. QCC ﬁnal concentrations that were incubated with EmrE
protein ranged from 0.0001 mM to 10 mM, depending on the molar
ratio for a particular experiment and only molar ratios of QCC:EmrE
are discussed for clarity. Final molar ratios of QCC:EmrE protein ran-
ged from 0.001 to 5000 for this study.
2.4. SDS-Tricine PAGE analysis of EmrE proteins
SDS-Tricine polyacrylamide gel electrophoresis (PAGE) was used
to identify stable SMR multimers according to its molecular weight
(MW). All detergent solubilized EmrE or active site variants EmrE-
E14A/EmrE-E14C preparations with and without QCC were analyzed
using 12% (T) SDS-Tricine PAGE. Trichloroethanol (TCE) was added
to all gels at a ﬁnal concentration of 0.5% (v/v) TCE during casting to
visualize tryptophan residues within the protein (EmrE has 4 Trp/
protein) by UV irradiation at 302 nm according to the method
described by Ladner et al. [41]. The ‘in gel’ TCE staining technique in-
creased EmrE protein visibility by 62% in comparison to conventional
Coomassie staining, and did not signiﬁcantly alter protein migration
(as conﬁrmed by Coomassie stained gels lacking TCE).
EmrE and active site variant (E14A or E14C) protein band intensi-
ties were normalized using a 1:1 mixture of BioRad low range and
BioRad polypeptide molecular weight standards to correct for poten-
tial TCE staining differences between gels. Protein bands were nor-
malized to correct for differences in TCE staining intensity between
gels by multiplying each unknown band intensity by the ratio of car-
bonic anhydrase intensity (31.0 kDa) from the BioRad low range stan-
dard loaded on the same gel to the average intensity of carbonic
anhydrase determined from all gels (loaded at identical concentra-
tions) used in the analysis. The overall intensity of each normalized
protein band was reported as the percentage of the total amount of
protein loaded (in μg protein) in each lane. The molecular weight of
all EmrE protein bands from the gel was determined in kiloDaltons
(kDa) according to the 1:1 protein standard mixture. Experiments
were repeated a minimum of three times and average EmrE protein
band percentage values are reported in Supplementary Table 1. All
protein band intensity measurements were collected from TCE
stained SDS-Tricine (12%T) PAGE gels using the Kodak 1D™ software
package.
Unless otherwise stated, all SDS-Tricine PAGE gels separating
EmrE protein in the presence of MV and ET were destained/ﬁxedovernight (12–16 h) in gel ﬁx (50% v/v methanol, 10% v/v acetic
acid) solution to eliminate background UV absorption (at 302 nm)
by either compound. It is noteworthy that the electrophoresis of ET
or MV only ran slightly above (2–4 mm) the Serva Blue G dye front
on the gel and increased the background intensity of the lane by a
maximum of 9.3% (+/−0.9%) at the highest concentration of drug
used for this study (10 mM ET or MV). The background absorption
of ET or MV at 302 nm increased the overall intensity of EmrE protein
bands as ligand concentration increased.
2.5. Circular dichroism spectropolarimetry of EmrE protein
Far-UV region (185–260 nm) CD spectra were acquired on a JASCO
J-810 spectropolarimeter calibrated with (1)-10-camphorsulfonic acid
and purgedwith N2 at 60–70 l/min. Far-UV CD spectra of detergent sol-
ubilized 5 μM SMR protein samples used for SDS-Tricine PAGE experi-
ments were measured using a rectangular 0.10-cm path length quartz
cuvette at room temperature (22 °C), at a scan rate of 10 nm/min, a
response time of 8 s, and all CD spectra were measured in triplicate to
reduce noise caused by light scattering. CD spectra were corrected by
baseline subtraction from their appropriate detergent or solvent solu-
tion. All far-UV region CD spectra were converted tomean residue ellip-
ticity (MRE) θ M according to the equation: θM=M θ/10 l c n; where θ
M is MRE in 103°cm2 dmol−1, M is the molecular weight of EmrE
(13,704.7 g/mol), θ is the measured ellipticity in millidegrees, l is the
path length of the cuvette in cm (0.1 cm), c is the protein concentration
in g/l, and n is the number of amino acid residues in the protein (110).
Far-UV region CD spectra of SDS or DDM solubilized EmrE protein
with and without QCC were collected in triplicate and averaged to re-
duce noise caused by detergent induced light scattering. EmrE samples
containing 200 QCC:1 EmrE resulted in high amounts scattering below
the 200 nm wavelength region and required smoothing (using a mov-
ing average window of 5 nm) for spectral deconvolution. EmrE protein
solubilized in 8 M urea or in 10 M urea with 175 mM SDS could not be
collected at wavelengths below 210 nm due to high amounts of light
scattering and secondary structure estimations could not be performed
for these samples by deconvolution methods.
Secondary structure content estimation of EmrE protein was made
by deconvolution of far-UV CD spectrum using Dichroweb software
available online [42,43]. Secondary structure estimates were obtained
after far-UV CD spectra were analyzed using SELCON, CONTINLL, and
CDSSTR algorithms. Values from CONTINLL and CDSSTR are cited in
Table 1. Secondary structure estimates with normalized root mean
square deviation (NRMSD)≥0.20 were excluded from this study. A
correction factor calculation was performed for EmrE samples con-
taining high QCC concentrations to determine if estimated α-helix
content losses observed in particular solutions were attributed to ab-
sorption ﬂattening effects (as described by [44]). The corrected EmrE
α-helix content in these samples varied by only +/−2.5% of the total
α-helix estimates.
Near-UV region (250–350 nm) CD spectra of 8 M urea, 10 M urea
and 175 mM SDS, 35 mM SDS, and 3.9 mM DDM solubilized EmrE
protein was acquired on the same JASCO J-810 spectropolarimeter
purged with N2 gas at 60–70 l/min. All near-UV region CD spectra
were recorded in mdeg and collected in a 1 cm pathlength circular
cell, at room temperature (22 °C), at a scan rate of 10 nm/min, using
a response time of 8 s. All CD spectra were measured 3–6 times and
averaged to reduce noise caused by detergent induced light scatter-
ing. Molar ellipticity (ME) θwas calculated according to the following
equation [θ]=M θ/10 l c, where θ is ME in degrees cm2 dmol−1, M is
the molecular weight of EmrE, θ is the measured ellipticity in millide-
grees, l is the pathlength of the cuvette (1 cm), and c is concentration
of EmrE in g/l. Interpretation and assignment of spectral maxima and
minima to particular aromatic residues was based on the work pub-
lished by [45]. Near-UV CD spectra of SDS and DDM solubilized
EmrE could not be determined for ET due to excessive light scattering
Table 1
A summary of the average secondary structure content predicted from CD spectra of
detergent solubilized EmrE protein in the presence of various QCC using CONTIN and
CDSSTR deconvolution programs available on Dicroweb [43].
SMR Detergent QCC:
SMR
ratio
Dichroweb
Program
α-helix
content
(%)
Turns/
disordered
content (%)
NRMSD
EmrE 35 mM SDS – CONTIN 99 1 0.02–0.06
20 TPP CONTIN 93 7 0.10–0.18
20 CTP CONTIN 99 1 0.03–0.05
20 MV CONTIN 99 1 0.04–0.07
20 ET CONTIN 99 1 0.06–0.08
35 mM SDS – CDSSTR 87 13 0.00–0.01
20 TPP CDSSTR 73 27 0.00–0.01
20 CTP CDSSTR 80 20 0.00–0.01
20 MV CDSSTR 83 17 0.00–0.01
20 ET CDSSTR 80 20 0.00–0.01
EmrE 3.9 mM DDM – CONTIN 91 8 0.02–0.12
20 TPP CONTIN 90 9 0.05–0.18
200 TPP CONTIN 74 26 0.10–0.19
20 CTP CONTIN 89 11 0.04–0.11
200 CTP CONTIN 78 22 0.10–0.13
20 MV CONTIN 90 10 0.06–0.15
200 MV CONTIN 79 21 0.11–0.19
20 ET CONTIN 90 10 0.10–0.12
3.9 mM DDM – CDSSTR 84 16 0.00–0.01
20 TPP CDSSTR 73 27 0.00–0.01
200 TPP CDSSTR 73 27 0.00–0.01
20 CTP CDSSTR 73 27 0.00–0.01
200 CTP CDSSTR 72 28 0.00–0.01
20 MV CDSSTR 83 17 0.00–0.01
200 MV CDSSTR 79 21 0.00–0.01
20 ET CDSSTR 80 20 0.00–0.01
Maximum standard deviations calculated for all estimated α-helix content was ≤±5.0%.
NRMSD, normalized root mean square deviation.
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EmrE.
2.6. Intrinsic ﬂuorescence experiments of EmrE and its active site variant
proteins
Fluorescence spectroscopy of detergent (SDS or DDM) and solvent
(8 M urea or 10 M urea/175 mM SDS) solubilized EmrE protein in the
presence and absence of QCC was performed using a Fluorolog-Tau-3
spectroﬂuorometer. All intrinsic Trp ﬂuorescence spectra were
collected in either 10 mm pathlength quartz cuvette at excitation
(Ex) wavelength of 295 nm. The emission (Em) spectrum was mea-
sured from 300 to 400 nm (Ex 295) using double monochrometers
for both Ex and Em to reduce scattering artifacts. Both Ex and Em
for all samples were collected using a 1–2 nm slit width and all spec-
tra were the average of 6 scans. Fluorescence emission spectra of
EmrE protein solubilized in SDS, DDM, 10 M urea–175 mM SDS and
8 M urea were performed using a minimum of three different protein
extractions for each QCC tested.
Detergent solubilized EmrE samples used for SDS-Tricine PAGE
experiments were diluted to 1.1 μM EmrE protein for QCC induced
Trp quenching ﬂuorescence experiments. Intrinsic Trp quenching
experiments were performed by titrating QCC stock solutions into
SDS or DDM solubilized EmrE protein samples at QCC:EmrE molar
ratios of 0.1 to 1000. The time between each QCC titration increment
for intrinsic Trp ﬂuorescence quenching was ≥15 min and samples
were mixed using a magnetic stir bar at room temperature. To ensure
all ﬂuorescence intensity reductions were due to quenching,
detergent was added to its respective protein sample without QCC
to the same ﬁnal volume of all QCC additions during the titration ex-
periment; no changes in intensity maximum or wavelength maxi-
mum were observed.
To address whether the Cl− or Br− counter ion of each QCC+ had
any quenching affects on Trp quenching within the detergentsolubilized SMR protein samples, the experiments described above
were repeated using the same molar concentrations of NaCl and KBr
salts instead of QCC+. Fluorescent spectra collected from EmrE protein
or its active site variant E14A/E14C samples showed no alteration in
Trp Em intensity or to Trp maxima during these experiments (data
not shown).
2.7. Tyrosine exposure of DDM-EmrE increases in the presence of QCC
Tyrosine exposure (Yexp)was determined using second-order deriv-
ative UV absorption (SDUV) analysis according to themethod described
by Ragone et al. [46]. SDUV analysis provides an evaluation of Tyr resi-
dues exposure to polar environments within a protein by separating
Trp and Tyr contributions from its UV absorption spectrum (from 250
to 320 nm region) by measuring its second-order derivative spectrum.
Both Tyr and Trp residues have overlapping absorbancemaximawithin
270–300 nm regions in a protein UV absorption spectrum. UV absorp-
tion of the Trp indole ring (1Lb and 1La components) is indiscernible
by UV Abs since both 1La→ 1Lb transitions are nearly equivalent and
makes any spectral shifts in wavelength insensitive to polarity in the
290 nm region [46]. The absorbance maximum of Tyr is variable
depending on the polarity of its surrounding environment. Increasing
the hydrophilicity of the surrounding environment of Tyr will result in
spectral red-shifts to the 283 nm wavelength region due to alterations
in the 1La state across the Tyr phenol ring. Therefore, red-shifted Tyr ab-
sorbance will decrease its signal at 283 nm in a second-order UV spec-
trum relative to Trp at 291 nm (Supplementary Fig. 2). Determining
the ratio of both wavelength peak-trough distances (r) reﬂects the
hydrophilicity of the Tyr environment within the protein; low r values
indicate enhanced hydrophobicity to the surrounding Tyr environ-
ments within the protein.
Yexp was calculated using the average of 4–6 UV absorption spec-
tra of each detergent (SDS or DDM) solubilized EmrE sample in the
presence or absence of either QCC used for CD analysis. UV absorption
spectra of model amino acid compounds, N-acetyl-tryptophan amide
(NAWA), N-acetyl-tyrosine amide (NAYA), N-acetyl-tryptophan ethyl
ester (NAWE), and N-acetyl tyrosine ethyl ester (NAYE) were mea-
sured for use as EmrE Yexp controls. Mixtures of each model Trp and
Tyr compound set (NAWA:NAYA and NAWE:NAYE) were prepared
at the same molar ratios present within EmrE (4W:5Y) protein in
the solvents 8 M urea, H2O, and ethylene glycol (EG). Model com-
pound mixtures in the polar solvents, 8 M urea and H2O, serve as
complete Tyr exposure controls, whereas EG mimics the hydrophobic
interior of a protein [47]. All UV absorbance spectra were measured in
quadruplet for each sample in a 1 cm quartz cuvette, at 0.2 nm wave-
length intervals, from 250 nm to 320 nm using an Ocean Optics UV–
visible (Vis)–Spectrophotometer.
Each second-order derivative UV spectrum was calculated from the
average UV absorbance spectrum for given sample at 0.5 nm wave-
length intervals from 250 to 320 nm using a moving window of 3.5–
5.5 nm. SDUV spectra was used to determine r, the ratio of short Tyr
(283 nm) to long Trp (291 nm) wavelength trough depths. For a
given detergent, EmrE Yexp was calculated using the equation
Yexp=(rn−ra)/(ru−ra). In this equation, rn is the r value determined
for EmrE protein in a particular detergent (SDS or DDM), ra is r value
of 4W:5Y mixtures of NAWA:NAYA or NAWE:NAYE in EG, and ru is r
value of 4W:5Y in 8 M urea. Unfolded EmrE protein r values were cal-
culated from SDUV spectra of EmrE resuspended into the highly dena-
turing solvents, 8 M urea (UREA) or in a mixture of 10 M urea with
175 mM (5.0% w/v) SDS (UREA-SDS) (Supplementary Table 2; Supple-
mentary Fig. 2). Conditions chosen were based on EmrE refolding stud-
ies described byMiller et al. [9]. Typically, ru values are calculated using
completely denatured protein samples, however, complete denatur-
ation of EmrE protein was not possible due to the extreme hydropho-
bicity of the protein. Model compound mixtures were used in place
of denatured protein ru values in all Yexp calculations for this study.
Table 2
A summary of estimated EmrE and active site variant (E14A) tyrosine residue exposure
(Yexp) values in various detergents/solvents and in the presence of various QCC. Yexp
values were calculated using r values (Supplementary Tables 2–4) determined from
SDUV analysis of model amino acid compounds and EmrE protein.
SMR Detergent/solvent QCC:
SMR
Yexp
(4NAWA:5NAYA)
Yexp
(4NAWE:5NAYE)
EmrE 8 M urea – 0.28 0.07
EmrE 10 M urea,
175 mM SDS
– 0.20 0.15
EmrE 35 mM SDS – 0.16 0.11
2 CTP 0.14 0.12
20 TPP 0.13 0.15
200 TPP 0.53 0.20
2 CTP 0.15 0.11
20 CTP 0.16 0.11
200 CTP 0.18 0.13
EmrE-E14A 35 mM SDS – 0.64 0.14
2 0.80 0.16
20 TPP 0.81 0.36
200 TPP 1.16 1.15
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mined, SDUV analysis of Tyr and Trp amino acid derivatives mixtures
were performed at identical molar ratios 4W:5Y used for EmrE anal-
ysis. Two sets of amino acid derivative compound mixtures, 4
NAWA:5 NAYA and 4 NAWE:5 NAYE, were prepared in a variety of
solvents to provide r value controls for Tyr exposure to hydrophobic
(ethylene glycol) and hydrophilic (8 M urea and H2O) environments
(Supplementary Table 3). Two different sets of amino acid derivatives
were selected to reﬂect different environments present within the
protein; NAWA/NAYA sets are more hydrophilic than hydrophobic
NAWE:NAYE sets. The spectral ratio of Tyr exposure ‘r’ values were
calculated from both 4W:5Y amino acid compound mixture SDUV
spectra and served as a scale for maximum and minimum EmrE Tyr
residue hydrophilicity. As summarized in Supplementary Table 3,
the hydrophobic (EG) r value and the hydrophilic (H2O) r value max-
imum for both 4W:5Y amino acid compound mixtures from Supple-
mentary Table 3 were used to calculate Yexp of detergent solubilized
EmrE protein shown in Table 2.2 CTP 0.55 0.20
20 CTP 0.45 0.21
200 CTP 0.66 0.18
EmrE 3.9 mM DDM – 0.03 0.15
2 TPP 0.09 0.17
20 TPP 0.88 0.80
200 TPP 1.47 1.00
2000 TPP 1.40 1.32
2 CTP 0.04 0.11
20 CTP 0.02 0.40
200 CTP 0.38 0.30
2000 CTP 0.85 0.80
2 MV 0.38 0.16
20 MV 1.64 0.39
EmrE-E14A 3.9 mM DDM – 0.58 0.13
2 TPP 0.73 0.25
20 TPP 0.83 0.31
200 TPP 0.88 0.42
2000 TPP 1.60 0.50
2 CTP 0.88 0.42
20 CTP 1.18 0.38
200 CTP 1.02 1.29
2000 CTP 1.29 1.45
2 MV 0.65 0.31
20 MV 1.60 0.52
Yexp calculations used r values measured from mixtures of amino acid derivatives
NAWA:NAYA or NAWE:NAYE to reﬂect the molar ratio of W and Y residues present
within EmrE (4W:5Y).
Abbreviations: NAWA, N-acetyl-tryptophan amide; NAYA, N-acetyl-tyrosine amide;
NAWE, N-acetyl-tryptophan ethyl ester; NAYE, N-acetyl-tyrosine ethyl ester.3. Results
The purpose of this study is to determine if different types of QCC
alter the conformation of EmrE protein in a similar or different fashion.
To determine if various QCC compounds perturb the conformation and
multimerization of EmrE; two detergents, DDM and SDS, were selected
to act as membrane mimetic environments. Both DDM and SDS deter-
gents are known to promote high amounts of α-helix secondary struc-
ture and tertiary structure in EmrE protein [9,29]. Furthermore, both
detergents promote EmrE multimerization [9,29], making them mem-
brane mimetic systems for comparison in these studies since oligomer-
ization was experimentally shown to be important for transport
activity [23]. Although both detergents promote stable secondary, ter-
tiary and quaternary structures, DDM detergent is considered to reﬂect
a ‘native’-like membrane environment for EmrE based on recent bio-
chemical folding studies of the tagged version [9].
SDS-Tricine PAGE analysis of SDS and DDM solubilized EmrE
protein preparations was performed to determine the amount of
multimer forms promoted by each detergent system without QCC.
The results of this analysis demonstrated that SDS promoted far
more EmrE multimers than the protein solubilized in DDM at identi-
cal protein concentrations (21 μM EmrE) (Supplementary Table 1;
Fig. 1). EmrE monomers predominated as a 12 kDa protein band in
SDS or DDM solubilized protein preparations by SDS-Tricine PAGE
analysis (Figs. 1 and 2). Unlike DDM, only SDS-EmrE protein prepara-
tions resulted in additional protein bands at 24 kDa and at 36 kDa
corresponding to dimer and trimer forms of EmrE protein respective-
ly by SDS-Tricine PAGE analysis. No differences in multimerization
compared to EmrE protein were observed for either active site variant
EmrE-E14A or EmrE-E14C protein solubilized in either SDS or DDM
(Fig. 3). Previous experiments using EmrE protein puriﬁed under
identical conditions also demonstrated a monomer form of EmrE in
DDM [12] as well as varied multimers in SDS [29]. However, analysis
of SDS-EmrE preparations using SDS-Tricine PAGE demonstrated that
SDS-EmrE multimerization was protein concentration dependent
(multimer bands were visible above an initial reconstitution amount
of 0.075 mg protein in 1 ml 35 mM SDS [29]) and a similar response
was also observed for DDM-EmrE preparations but at 100 fold higher
initial starting amounts (Supplementary Fig. 3). Reconstitution of
EmrE protein into DDM demonstrated a 5 fold reduction in protein
solubility in comparison to SDS, and demonstrated a mixture of
both monomer and dimer forms when initial amounts of EmrE pro-
tein reconstituted in DDM exceeded 0.750 mg EmrE (Supplementary
Fig. 3). For these studies, only DDM-EmrE protein samples reconsti-
tuted from initial starting amounts of b0.5 mg were used to ensure
a monomeric distribution of EmrE before QCC addition.It is also important to mention that this SDS-Tricine PAGE separa-
tion technique, which involves SDS to separate the protein bands
within the gel, did not promote additional multimers in DDM-EmrE
preparations at the same protein concentrations used for its solubili-
zation in SDS. One possible explanation for these differences may be
due to the high concentrations of DDM used for this study (3.9 mM/
0.2% w/v); DDM was well above of its critical micelle concentration
(CMC) of 0.12–0.17 mM. Blue-native and clear-native PAGE tech-
niques involving 4–16% T gradient and non-gradient 12% T or 14% T
gels were attempted, but failed to reliably resolve DDM-EmrE protein
complexes (due to band smearing) likely due to the variation in
bound detergent and QCC interference during electrophoretic separa-
tion. Additionally, poor Coomassie and Ponceau S dye binding by
these highly hydrophobic SMR proteins may have also prohibited
band detection in native PAGE.
3.1. EmrE in the presence of increasing QCC demonstrates enhanced
multimerization by SDS-Tricine PAGE analysis
Increasing the concentration of QCC (QCC:EmrE molar ratios from
0 to 500) to EmrE protein (21 μM) solubilized in SDS or DDM resulted
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Fig. 1. SDS-Tricine PAGE analysis of 35 mM SDS solubilized EmrE protein multimerization in the presence of increasing QCC. Each panel (A–D) shows a TCE stained SDS-Tricine
PAGE (12% T) gel of SDS-EmrE protein (21 μM; 15 μg protein/lane) at increasing molar ratios of 0–500 QCC:EmrE. Panels A–D show SDS-Tricine PAGE of SDS-EmrE incubated
with the following QCC: TPP (A), CTP (B), MV (C) and ET (D). Labeled arrows to the right-hand side of each gel correspond to predicted protein multimers based on the estimated
molecular weight (MW) in kiloDaltons (kDa) shown in the ﬁrst lane; monomer (M), dimer (D), trimer (T), hexamer (H), and decamer (De).
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PAGE analysis (Fig. 1). SDS-Tricine PAGE analysis of SDS-solubilized
EmrE in the presence of TPP and CTP at molar ratios >25 QCC:EmrE
demonstrated additional or enhanced protein bands corresponding to
trimer (36 kDa), hexamer (72 kDa), octamer (88 kDa), and decamer
(120 kDa) forms by (Fig. 1). This phenomenon was also observed in a
previous study of SDS-EmrE protein incubated with increasing TPP
[29]. MV and ET addition to SDS-EmrE did not result in any signiﬁcant
enhancement of multimer bands by SDS-Tricine PAGE.
Addition of TPP or CTP to DDM-EmrE protein at a QCC:EmrE molar
ratio >5 resulted in high MW protein band formation corresponding
to dimer (24 kDa) and less abundant trimer (36 kDa) (Supplementa-
ry Table 1; Fig. 2). In contrast to SDS-EmrE protein, higher MW pro-
tein bands corresponding to multimer forms greater than trimers
were not observed for DDM-EmrE protein solutions in the presence
of TPP or CTP. This suggests that the EmrE conformation promoted
by DDM can only dimerize and trimerize in the presence of TPP or
CTP unlike SDS-EmrE protein separated under the same conditions.
Alternatively, DDM-EmrE multimer forms greater than trimers may
also be induced by TPP and CTP but lost due to SDS disruption during
SDS-Tricine PAGE separation. The addition of increasing amounts of
MV or ET (≥5 QCC:1 EmrE) to DDM or SDS solubilized EmrE protein
resulted in only two protein bands, at 12 kDa (monomer) and at24 kDa (dimer) by SDS-Tricine PAGE (Fig. 2; Supplementary Table
1). All MV and ET concentrations (0.01–10 mM) used for this study
failed to induce higher molecular weight bands corresponding to
larger multimers in either SDS or DDM solubilized EmrE alone as ob-
served during TPP or CTP experiments (Figs. 1 and 2). The intensity of
DDM-EmrE monomer and dimer bands in the presence of ET or MV
at 25>QCC:EmrE, signiﬁcantly increased the overall intensity of
both monomer and dimer bands in comparison to DDM-EmrE only
(Supplementary Table 1). ET and MV increased the intensity of
DDM-EmrE protein monomers by an average 22–33% at ≥50 QCC:
EmrE when compared to DDM-EmrE monomer bands only. SDS-
Tricine PAGE analysis indicates that all QCC enhance EmrE multi-
merization in DDM but only TPP and CTP show enhanced multimer-
ization in SDS.
To determine if QCC induced multimerization of EmrE was inﬂu-
enced by the active site residue E14, the multimerization of active
site variants EmrE-E14A and EmrE-E14C proteins solubilized in either
SDS or DDM were also examined by SDS-Tricine-PAGE. As shown in
Fig. 3, SDS solubilized EmrE-E14A or EmrE-E14C (data not shown)
demonstrated similar banding patterns as observed for EmrE protein
with and without added QCC. This suggests that in SDS, EmrE or its
active site variants adopt similar multimeric patterns based on their
shared multimeric response to each QCC.
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Fig. 2. SDS-Tricine PAGE analysis of 3.9 mM DDM solubilized EmrE protein multimerization in the presence of QCC. Each panel (A–D) shows a TCE stained SDS-Tricine PAGE (12% T)
gel of DDM solubilized EmrE protein (21 μM; 15 μg protein/lane) at an increasing molar ratio of 0–500 QCC:EmrE shown at the top of each gel. Panels A–D show SDS-Tricine PAGE of
DDM-EmrE incubated with the following QCC: TPP (A), CTP (B), MV (C) and ET (D). Labeled arrows to the right-hand side of each gel correspond to predicted protein multimers
based on the estimated molecular weight (MW) in kiloDaltons (kDa) shown in the ﬁrst lane; monomer (M), dimer (D) and trimer (T).
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in multimer formation, where only a 24 kDa dimer band was promot-
ed in CTP, MV, and ET (Fig. 3). Enhanced dimer formation was not
promoted in DDM-EmrE-E14A or EmrE-E14C in the presence of TPP,
suggesting that only TPP lacks binding afﬁnity to these variants.
3.2. The α-helix content of detergent solubilized EmrE remains high in the
presence of each QCC
To determine if any QCC signiﬁcantly altered the α-helix content
of detergent solubilized EmrE far-UV region (190–250 nm) CD spec-
tropolarimetry experiments were performed. Far-UV region CD anal-
ysis of both SDS-EmrE and DDM-EmrE protein at identical protein
concentrations indicated that both detergents promoted nearly simi-
lar spectra with dual minima at 208 and 222 nm and a maximum at
195 nm suggesting high overall α-helix content in both proteins.
Comparison of SDS-EmrE or DDM-EmrE far-UV CD spectra to 10 M
urea–175 mM SDS-EmrE protein at identical protein concentrations
showed a reduction in ellipticity at 222 nm (Supplementary Fig. 4).
A similar loss of 222 nm ellipticity under these denaturing conditions
was reported in a recent study examining EmrE protein folding and
suggests that our preparations of EmrE protein responded similar to
other EmrE preparations puriﬁed under different conditions [9].
Deconvolution of far-UV CD spectra predicted high overall α-helix
content within the protein when solubilized in SDS (87–99%) and inDDM (84–91%) as summarized in Table 1. The α-helix content of
DDM-EmrE protein estimated by CD spectrum deconvolution is
3–8% lower than SDS-EmrE protein, indicating that DDM promotes
slightly higher loop, turn and disordered content.
Addition of any QCC to SDS and DDM solubilized EmrE resulted in
similarly high overall α-helix content when compared to EmrE pro-
tein alone (Table 1). Paired Student's t-test evaluations of far-UV CD
spectra of either detergent solubilized protein in the presence of
each QCC conﬁrmed that the overall spectra did not signiﬁcantly dif-
fer (p>0.05), indicating that QCC addition did not signiﬁcantly alter
EmrE secondary structure. Although far-UV CD spectra were not sig-
niﬁcantly different, deconvolution estimates for some detergent solu-
bilized EmrE samples at QCC:EmrE molar ratios of 20 in SDS or DDM
showed slight losses (6–16%) in overall α-helix (Table 1). These
losses in α-helical content were attributed to absorption ﬂattening
effects caused by the additive effect of QCC and pre-existing detergent
in the samples (refer to Materials and methods). Therefore, ligand
interaction with SDS or DDM solubilized EmrE does not result in
signiﬁcant losses in secondary structure.
3.3. EmrE aromatic residues in DDM show similar responses to different
QCC
Near-UV region CD spectropolarimetry of detergent solubilized EmrE
protein was performed to compare aromatic residue environments of
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Fig. 3. SDS-Tricine PAGE analysis of SDS or DDM solubilized EmrE-E14A protein multimerization in the presence of QCC. Each panel (A–D) shows a TCE stained SDS-Tricine PAGE
(12% T) gel of 35 mM SDS (A–B) and 3.9 mM DDM (C–D) solubilized EmrE-E14A protein (21 μM; 15 μg protein/lane) at molar ratios of 0, 50, and 500 QCC:protein (shown above
each gel lane). Labeled arrows to the right-hand side of each gel correspond to predicted protein multimers based on the estimated molecular weight (MW) in kiloDaltons (kDa)
shown in the ﬁrst lane; monomer (M) and dimer (D).
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has a total of 4 Trp, 5 Tyr, and 5 Phe residues all of which are located
within the ﬁrst three transmembrane strand and loop/turn regions of
the protein. Near-UV region CD spectra of EmrE protein in SDS or DDM
demonstrated different spectral maxima and minima indicating that
Trp and Phe residues adopt different arrangements in SDS and DDM
(Supplementary Fig. 5). Based on this analysis, EmrE Trp residues in
both SDS and DDM are located in hydrophobic regions of the protein
due to a dominant peak at 282–285 nm region. EmrE Phe residues in
SDS conditions appear to have increased exposure to polar solvent in
comparison DDM based on the presence of intensity minimum at
268 nm present only in SDS-EmrE.
Near-UV CD spectra of SDS-EmrE at all CTP molar ratios (3 and 30)
were highly similar to near-UV CD spectra of EmrE alone (Supple-
mentary Fig. 5A and B). A similar trend was observed in near-UV CDspectra of SDS-EmrE at 3 and 30 TPP molar ratios but demonstrated
a loss of peak minimum (268 nm) signal. This loss suggests that Phe
residues become more exposed to hydrophobic environments in the
presence of either TPP or CTP (Supplementary Fig. 5C). Despite the in-
creased noise below 275 nm, no differences were observed in near-
UV CD spectrum for MV addition. Near-UV CD spectra of DDM-EmrE
in the presence of CTP and TPP at 30 QCC:1 EmrE demonstrated en-
hanced Trp residue exposure to hydrophilic environments (Supple-
mentary Fig. 5 B). The addition of MV (3 MV:1 EmrE) to DDM-EmrE
did not alter Trp peak maximum but reduced the shoulder region in
all spectra above 310 nm indicating some disulﬁde bond perturbation
despite the presence of dithiothreitol in the buffer (Supplementary
Fig. 5F). In comparison to SDS, DDM-EmrE promotes a uniform Trp
and Phe residue conformation that indicates a similar response to
the structurally diverse QCC tested.
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Intrinsic Trp ﬂuorescence experiments of detergent solubilized
EmrE were performed to characterize Trp residue environments in
the presence of various QCC. Previous ﬂuorescence experiments in-
volving DDM solubilized tagged EmrE-mycHis6 Trp residue variants
identiﬁed that the loss of Trp63 altered protein interactions with
TPP [40]. In this study, the intrinsic Trp ﬂuorescence of EmrE and its
active site variants EmrE-E14A and EmrE-E14C were performed at ex-
citation wavelength of 295 nm to examine only the Trp contributions.
Before performing QCC titrations with detergent solublized EmrE, the
intrinsic Trp ﬂuorescence emission spectra ([protein]=1.1 μM) in
each detergent was compared to denaturing solubilizing conditions.
EmrE concentrations were lower than those used for SDS-Tricine
PAGE analysis to ensure that the monomer form of the protein
predominated. EmrE protein solubilized in SDS, DDM, and 10 M
urea/175 mM SDS demonstrated single λmax at 338 (±0.9)nm, 332
(±1.1)nm, and 344 (±1.2)nm respectively. Trp λmax of either SDS-
EmrE or urea/SDS-EmrE indicate that Trp occupy increasingly more
hydrophilic environments respectively than in DDM. The λmax value
of DDM-EmrE in this study was similar to λmax values of C-
terminally tagged EmrE (EmrE-mycHis6) in DDM from previous stud-
ies (folded EmrE λmax 330; refolded EmrE λmax 334 nm [9]; λmax of
335 nm [40]), demonstrating that Trp residues from either protein
preparation reside in hydrophobic environments in DDM. The Intmax
values of SDS-EmrE and DDM-EmrE Trp were fairly close in value, in
contrast to the 2.5 fold increase in urea/SDS-EmrE Intmax (Supple-
mentary Fig. 6). Higher λmax and Intmax values of EmrE in urea/SDS
compared to DDM were also observed in EmrE-mycHis6 (urea/SDS
λmax 343 nm) ﬂuorescence experiments performed under similar sol-
ubilizing conditions [9].
A summary of EmrE Trp ﬂuorescence quenching experiments is
provided in Supplementary Fig. 7 and shows the changes in average
λmax and losses to average Intmax of EmrE protein as the molar ratio
of QCC:EmrE increases. In SDS, the addition of TPP and CTP to EmrE
resulted in a gradual increase of λmax from 338 nm to 342 nm but
did not signiﬁcantly alter the Intmax as ligand concentration increased
(Supplementary Fig. 7A, C). The lack of Trp Intmax quenching and its
concomitant increase in hydrophilic exposure (increasing λmax) sug-
gests that both CTP and TPP interact with the protein by exposing Trp
residues and the environment of EmrE Trp in SDS prohibited quench-
ing. Conversely, the addition of MV and ET to SDS-EmrE increased the
Trp λmax (340 to 345 nm) and Intmax values at≥5 QCC:EmrE (Supple-
mentary Fig. 7A, C). Unlike TPP or CTP, the Trp quenching by MV and
ET indicate greater Trp hydrophilic exposure in SDS and suggests that
only ET and MV are accessible to Trp residues in the protein.
Active site variants EmrE-E14A and EmrE-E14C (data not shown)
solubilized in SDS demonstrated similar λmax (E14A 333.0±1.4 nm;
E14C 332.8±1.5 nm) and Intmax values as EmrE (Supplementary
Fig. 8). Both variants showed nearly identical Trp ﬂuorescence
quenching responses to each QCC in SDS as observed from SDS-
EmrE experiments (Supplementary Fig. 8). Both active site variants
demonstrated Trp arrangements that were similar to EmrE and both
show similar spectral responses to each QCC.
The addition of each QCC to DDM-EmrE resulted in Trp ﬂuores-
cence quenching at different molar ratios of QCC:EmrE. Of the four
QCC tested in these experiments, only ET resulted in a signiﬁcantly
high increase in λmax as QCC increased (Fig. 4; Supplementary Fig.
7B, D). This difference in ET induced Trp ﬂuorescence quenching is
shown more clearly in Supplementary Fig. 9, where the percentage
of Trp ﬂuorescence derived from Intmax values is provided at increas-
ing QCC concentrations (μM). The addition of TPP and CTP to DDM-
EmrE quenched Trp Intmax above molar ratios of 1 QCC:EmrE and
complete quenching occurred at or above 1000 QCC:EmrE (Fig. 5;
Supplementary Fig. 7B, D). The addition of TPP and CTP to DDM-
EmrE from 1 to 1000 QCC:EmrE also resulted in a gradual increasein average λmax from 327 to 335 nm indicating enhanced Trp residue
exposure to hydrophilic environments as QCC increased (Fig. 4; Sup-
plementary Fig. 7B, D). As expected from previous experiments with
EmrE active site E14 variants and TPP [28,35,36], EmrE-E14A or
EmrE-E14C in DDM did not demonstrate quenching by TPP. However,
both variants demonstrated similar Trp quenching as EmrE protein
when incubated with any of the remaining three QCC (Fig. 5). As
QCC:protein molar ratios increased in DDM, the Trp λmax values of ac-
tive site E14 variants demonstrated similar overall trends as EmrE
with the exception of TPP. TPP addition to EmrE-E14A or E14C
resulted in a net increased red shift indicating that Trp residues
were becoming increasing exposed to hydrophilic environments. Al-
though addition of MV and ET red shifts for both the wildtype and ac-
tive site variants, shifts for either active site variant (E14A/E14C) in
the presence of TPP were associated with a lack of Trp quenching
(Figs. 4 and 5). This indicates that active site E14A/C variants can
still interact with all other QCC in these preparations and suggests
that active site variants only demonstrated a lack of interaction with
TPP. Previously determined dissociation constant (KD) values for
QCC quenching of DDM-EmrE Trp (ET: 6.3±1.0 μM, MV: 46.2±
10.5 μM) by ITC experiments were within a range of 1–37 μM KD of
those determined from calculated Intmax 50% quenching curves. The
KD of TPP, previously determined to be 25.5±6.2 μM, was 1.5 to 2
fold higher in this study, however concentrations of protein were
higher in these experiments [32,33]. These results suggest that KD
values for CTP (which were not successfully measurable by ITC) are
within the same range as TPP [32,33].
3.5. Tyrosine exposure in EmrE and its active site variants as determined
by SDUV analysis
EmrE protein possesses 5 Tyr residueswhere 4 of the 5 Tyr are located
at N-/C-termini ends of TM strands 1–3 (Supplementary Fig. 1). Similar to
Trp, Tyr are excellent conformational probes because changes the phenol
ring (1La ring electronic transitions) absorption are detectable as environ-
mental polarity increases around the residue. Near–UV CD analysis and
intrinsic ﬂuorescence could not distinguish Tyr residue contributions
from highly predominate Trp intensity, thus second-order derivative UV
absorbance (SDUV) analysis was performed to resolve Tyr residue contri-
butions within the protein (refer to Materials and methods for more
details).
To calculate EmrE Yexp in SDS or DDM, SDUV analysis of unfolded
form was performed to provide a denatured r value of EmrE to deter-
mine the extent of aqueous Tyr exposure in the protein. The r value
determined after SDUV analysis of denatured EmrE in either UREA-
SDS (r 0.75) or in UREA (r 0.82) alone were similar to the r values
of amino acid mixtures in hydrophobic EG (r 0.74–0.88) (Supplemen-
tary Tables 2 and 3). These low r values for ‘denatured’ EmrE indicate
that the environment of the denaturing UREA-SDS mixture did not
expose the Tyr residues completely and may only be partially dena-
turing at best. Previous refolding analysis of EmrE indicated that the
mixture of UREA-SDS was only capable of partially denaturing EmrE
protein according to CD and ﬂuorescence analyses [9]. This analysis
also conﬁrmed that complete denaturation of organically extracted
EmrE protein used for this study was only partial due to its extreme
overall hydrophobicity. Based on these results, the original Yexp equa-
tion was modiﬁed by using the control amino acid compound mix-
tures r values in aqueous solvent to serve as the ‘denatured EmrE’ r
value for EmrE and its active site E14 variants.
The r values of EmrE resuspended in SDS (r 0.79) or DDM (r 0.75)
indicated that Tyr residues in both proteins were located in hydro-
phobic environments (Supplementary Table 2). Calculation of EmrE
protein Yexp from the SDUV r values indicated that Tyr residue expo-
sure is slightly higher in SDS (Yexp 0.11–0.16) than DDM (Yexp 0.03–
0.15) (Table 2). These Yexp estimates may be interpreted in one of
two ways: that 1 of 5 Tyr residues in either detergent was exposed
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posed to an environment with enhanced hydrophilicity. Since only
one of the ﬁve Tyr residues are located within the protein core
(Tyr40 is located at the center of TM2) the expectation is that the
remaining four Tyr located at the ends of TM1-3 are exposed.
The addition of QCC compounds to DDM-EmrE protein demon-
strated increased Yexp values (Table 2). Due to overlapping absor-
bance within 250 to 280 nm regions analysis of all ET samples and
MV molar ratios at (SDS) or above (DDM) 20 MV: EmrE were not re-
solved. Overall, Yexp values determined from SDUV spectra of SDS-
EmrE in the presence of increasing TPP and CTP resulted in similar
Yexp to SDS-EmrE alone (Table 2). These results support the ﬁndings
made by near-UV CD analysis which indicated that SDS-EmrE aromat-
ic residue arrangements are generally unaltered and insensitive to
TPP or CTP (Supplementary Fig. 5). DDM-EmrE Yexp at increasing
TPP molar ratios demonstrated a greater increase in Yexp in compari-
son to Yexp for CTP (Table 2). In general, Yexp determined for deter-
gent solubilized EmrE in the presence of increasing QCC were
similar with the exception of MV (Table 2). DDM-EmrE in the pres-
ence of MV resulted in extremely high Yexp when the hydrophilic ar-
omatic amino acid compound (NAWA:NAYA) mixture only was used
to calculate Yexp (Table 2). Since DDM-EmrE Yexp values calculated
using NAWE:NAYE mixtures were closer to QCC:EmrE molar ratio of
TPP or CTP, this suggests that Tyr residues reside in a more hydropho-
bic location within the protein.
Active site variants EmrE-E14A and EmrE-E14C (Supplementary
Table 4) in SDS or DDM also demonstrated similar Yexp values asEmrE when solubilized in SDS or DDM (Table 2). Like SDS-EmrE,
SDUV analysis of EmrE-E14 active site variants showed relatively lit-
tle changes in overall Tyr exposure as the molar ratio of TPP or CTP
increase (Table 2). This result is consistent with the experimental
ﬁndings from SDS-Tricine PAGE analyses and Trp ﬂuorescence
quenching experiments described above. In DDM, EmrE-E14A Tyr
residues demonstrated a greater increase (~1.5–2 fold) in Yexp as
the molar ratio of QCC:protein increased when compared to the wild-
type (Table 2). The only exception was the addition of TPP to the ac-
tive site variants. DDM-EmrE-E14A samples demonstrated 50% less
Yexp at saturating molar ratios (2000 TPP:EmrE-E14A) of TPP suggest-
ing that the equivalent of one Tyr was more hydrophobically located
than in wildtype EmrE (80% Yexp) (Table 2). It is noteworthy that the
SDUV Yexp proﬁle for DDM-EmrE-E14A in the presence of each in-
creasing QCC, mirrors the reduction in multimers observed using
SDS-Tricine-PAGE analysis (Table 2, Fig. 3). This suggests that EmrE-
E14 replacements by Ala or Cys alters Tyr residue exposure and di-
minishes multimer forming contacts in the protein.
4. Discussion
The purpose of this study was to characterize detergent solubi-
lized conformations of organically extracted EmrE protein known to
predominate as a monomer [12,29]. The monomeric form of this pro-
tein was ideal for transporter refolding studies since it eliminated
multimers and lipids during the puriﬁcation method [11] as EmrE
protein puriﬁcation occurred directly from E. coli membranes using
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ically extracted EmrE demonstrated that the monomeric formwas ca-
pable of ligand binding after solubilization/reconstitution in a variety
of membrane mimetic systems [12,32,33], unlike afﬁnity puriﬁed
C-terminally tagged EmrE-mycHis6 protein which appears to only
bind ligands as a dimer using similar solubilizing conditions [22]. Re-
constitution of organic-extracted detergent solubilized EmrE into
small unilamellar vesicles resulted in ethidium transport indicating
that the protein was capable of transport activity [11]. It is recognized
that the organic puriﬁcation method may result in conformational
differences in EmrE arrangement compared to the myc epitope-His6
tagged EmrE protein. However, it is not clear which protein version
represents the native state, thus, organic-extracted EmrE merits fur-
ther analysis.
The results from this study show that organically extracted mono-
meric EmrE and its active site E14 variants are capable of forming
multimers in anionic SDS as well as in non-ionic DDM detergents by
SDS-Tricine PAGE analysis (results summarized in Fig. 6). Both SDS
and DDM, promote EmrE multimerization but only DDM shows en-
hanced multimer formation in the presence of all four QCC examined.
In SDS, EmrE protein shows increased multimer formation in the
presence of increasing amounts of TPP and CTP only. Biophysical anal-
ysis of tertiary conformational changes conﬁrms that Trp, Tyr and Phe
residue arrangements in SDS were selective for ET and MV interaction
in contrast to TPP or CTP. Additionally, only MV or ET induced Trp
ﬂuorescence quenching in SDS-EmrE or its E14 variants, suggestingthat the protein conformation and low multimeric forms promoted
by SDS could only accommodate MV and ET. One possible explanation
for TPP and CTP induced SDS-EmrE multimerization but its lack of Trp
quenching may be due to the QCC partitioning ability in SDS. Studies
of SDS micelle mixtures with CTP and TPP have shown that both com-
pounds enhance the distance between SDS anionic head groups [48].
CTP results in SDS expansion while TPP causes micelle shrinkage.
Since both ligands alter SDS micelle packing, interprotein contacts
may increase and thereby prevent Trp access to in the active site
explaining the lack of Trp quenching. ET and MV are not expected
to alter the micelle as signiﬁcantly, and thus do not appear to alter
the multimeric status of SDS-EmrE and consequently maintain Trp
residue arrangements available for quenching.
In DDM, EmrE protein was almost entirely monomeric until molar
ratios of ≥25 QCC:EmrE were exceeded which resulted in the addi-
tional formation of dimers (and to a very limited extent trimers)
(Fig. 6). The conversion from DDM-EmrE monomers to dimers in
the presence of each QCC strongly suggests that the monomeric
form of EmrE is capable of ligand binding and the ligand mediates di-
merization. Although complete multimerization was not abolished in
the active site E14A/C variant, the reduction in multimerization in
DDM suggests that ligand binding is a factor inﬂuencing multimeriza-
tion. Since two conformational processes (multimerization and aro-
matic quenching by ligand) are occurring at once in DDM-EmrE
samples, the active site E14A/E14C variants were not sufﬁcient to
completely separate aromatic residue conformational changes caused
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conversion. However, QCC interactions with DDM-EmrE compared
to EmrE-E14A suggest that ligand afﬁnity to the active site may
have a greater inﬂuence in DDM than QCC micelle partitioning. The
QCC could have a much greater inﬂuence on the DDM micelle. The
net QCC charge (only MV is a divalent cation), the location of cationic
placement(s) within the chemical structure (in TPP the P+ cation is at
the core of the molecule, where as CTP adopts a detergent like cation-
ic N+ head group), and its overall shape (MV and ET are planar in
comparison to CTP and TPP) will also inﬂuence EmrE tertiary confor-
mation and appears to enhance its multimerization based on this
study. A hypothesis of ligand induced multimerization based on a mo-
nomeric model was suggested by Winstone et al. [12]. This model
proposed that both EmrE monomers and multimers are capable of
binding ligand and that monomer binding can induce multimeriza-
tion, a feature that is evident in the results of this study.
Intrinsic Trp ﬂuorescent quenching experiments of DDM-EmrE
and its active site E14 variants demonstrated that all QCC were capa-
ble of quenching Trp ﬂuorescence intensity (Supplementary Figs. 7 to
9) but only EmrE-E14A or E14C in the presence of TPP lacked Trp
quenching (Figs. 4 and 5). Based on both near-UV CD and ﬂuores-
cence analyses, Trp residues of DDM-EmrE are located in hydrophobiccentralized regions of the protein (Fig. 6) and demonstrated gradual
hydrophilic exposure in the presence of QCC. Previous analysis of
tagged EmrE-mycHis6 variants in DDM indicates that Trp63 was re-
sponsible for the majority of the ﬂuorescence intensity and was sig-
niﬁcantly affected by TPP and MV addition [40]; this was similar to
the results of our study. Replacement of EmrE-E14 appears to only in-
ﬂuence the interaction of TPP in the ‘native-like’ membrane mimetic
DDM. Unlike all other QCC examined in this study, only TPP failed
to quench Trp residues located close to the active site E14 region. It
is unlikely that TPP micelle partitioning into DDM is the only factor
that inﬂuenced these results due to the speciﬁcity of TPP ﬂuorescent
quenching. A lack of TPP afﬁnity by EmrE-E14 replacements (typically
Asp or Cys in EmrE-mycHis6 tagged constructs) in DDM were previ-
ously reported from radioactive [3H] TPP binding [34] and chemical
labeling/accessibility experiments [35,36].
Examination of tertiary aromatic residue arrangements in either
detergent by near-UV CD analysis, ﬂuorescence, and SDUV revealed
that only the conformation of DDM-EmrE permits greater QCC inter-
actions. Near-UV CD analysis of DDM-EmrE demonstrated that Trp
residues had similar spectral changes in the presence of both CTP
and TPP, but Phe showed different responses (Fig. 6). A recent bio-
physical study of organically extracted detergent solubilized SugE
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ﬁrst loop, demonstrated similar near-UV CD spectra in both SDS and
DDM as EmrE [49]. Similar values in near-UV CD spectra of DDM-
SugE within its Phe region (250–270 nm) may suggest that the Phe
signal in EmrE is strongly inﬂuenced by Phe residues within the ﬁrst
loop [49]. It is important to note that near-UV CD analysis of organi-
cally extracted SugE at the same EmrE concentration resulted in sim-
ilar spectral maxima at Phe and Trp speciﬁc wavelengths indicating
that both proteins adopt similar aromatic arrangements [49]. Unlike
EmrE, organically extracted SugE in DDM did not form a multimer
in the presence of QCC [49].
SDUV analyses of EmrE in DDM or SDS also support the ﬂuores-
cence and near-UV CD ﬁndings. Only DDM-EmrE resulted in an over-
all increase in Yexp in the presence of increasing QCC (Table 2) as
predicted based on the position of Tyr residues in the protein
(Fig. 6). Yexp proﬁles between DDM-EmrE and DDM-EmrE-E14A at
increasing QCC showed that the inactive EmrE-E14A protein had
greater Yexp, with the exception of TPP. This suggests that Tyr residues
located at TM strand N- and C-termini (Fig. 6) are useful probes for
detecting EmrE tertiary structure changes. The importance of Tyr res-
idues 40 and 60 in EmrE function and ligand afﬁnity were previously
determined from Tyr residue replacement radioactive TPP binding as-
says [37]. Based on this study, the SDS and DDM conformations of
EmrE are in agreement with previous studies of organically extracted
EmrE protein [10–12,29,32,33]. Examination of active site E14 vari-
ants in SDS and DDM in presence of four distinct QCC compounds
have provided further insight into the conformational differences of
aromatic residues that contribute to multimerization and ligand bind-
ing. This study also shows that untagged EmrE protein secondary
structure content and ﬂuorescence emission maxima is in agreement
with recent studies of refolded EmrE-mycHis6 solubilized in the same
detergents [9]. X-ray diffraction structures (at 3.8 Å to 4.5 Å) of EmrE
protein (with its N-terminal polyhistidine tag removed) in the deter-
gent N-nonyl-β-D-glucoside (NG) strongly support a dimer with a
core binding domain composed of TM strands 1–3 from two antipar-
allel EmrE monomers [17]. Due to differences in detergent composi-
tion, multimer variation, and the lack of side chain resolution in the
structure, it is difﬁcult to make structural comparisons between the
X-ray diffraction structure of EmrE and this work. It should be noted
that an EmrE structure of a ‘native’ form has not been determined
and all functional EmrE multimers to date are in vitro based systems.
5. Conclusions
As summarized in Fig. 6, we see organically extracted EmrE form a
predominately monomeric complex in both SDS and DDM and both
detergents promoted protein concentration dependent multimeriza-
tion. Only DDM-EmrE preparations demonstrated enhanced dimer-
ization in the presence each QCC tested, and all QCC resulted in Trp
ﬂuorescence quenching. Active site EmrE-E14 variant showed little
or no differences in conformation from the wildtype in SDS. In
DDM, E14 variants conﬁrmed that aromatic residues Tyr and Trp con-
tributed to TPP induced ligand binding and multimerization when
compared to wildtype EmrE. However, the DDM-EmrE-E14 variants
showed almost indistinguishable responses to the remaining three
QCC compared to the wildtype protein. The conformation of Trp, Tyr
and Phe residues within DDM-EmrE protein after CD, ﬂuorescence
and SDUV analysis demonstrated that DDM promoted an EmrE con-
formation capable of interacting with chemically diverse QCC. The
ﬁndings of this study provide strong support for the drug transport
model proposed by Winstone et al. [12].
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